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Introduction {#sec001}
============

Wild oat (weedy *Avena* spp) is a problematic and cosmopolitan weed in \>20 crops across 55 countries and can cause an enormous yield loss in winter crops \[[@pone.0234648.ref001], [@pone.0234648.ref002]\]. Two wild oat species \[i.e., *Avena fatua* L. (wild oats) and *A*. *ludoviciana* Durieu (sterile oats)\] are the important weeds of this genus \[[@pone.0234648.ref003]--[@pone.0234648.ref007]\]. *A*. *fatua* and *A*. *ludoviciana* are very similar in morphological features and are difficult to differentiate at the vegetative stage; however, they can be easily differentiated at maturity. Seeds of *A*. *ludoviciana* shatter in pairs at plant maturity, while seeds of *A*. *fatua* shatter single \[[@pone.0234648.ref008]\].

Infestation of *A*. *fatua* and *A*. *ludoviciana* may cause yield reduction (\~30--80%) in many winter crops such as wheat (*Triticum aestivum* L.), oat (*Avena sativa* L.), barley (*Hordeum vulgare* L.), rye (*Secale cereal* L.), pea (*Pisum sativum* L.), and canola (*Brassica napus* L.) \[[@pone.0234648.ref006], [@pone.0234648.ref009]--[@pone.0234648.ref016]\]. It has been reported that *A*. *fatua* and *A*. *ludoviciana* can cause \~70% yield loss in cereals \[[@pone.0234648.ref017]\]. The extent of yield reduction in these crops depends on the density and competitive ability of these species under different environmental conditions. In Australia, wild oat (*A*. *fatua* and *A*. *ludoviciana*) is ranked in the top three most important winter weeds, with an annual revenue loss due to infestation estimated at about AU\$28 million \[[@pone.0234648.ref018]\]. *A*. *fatua* is highly problematic in southern and western Australia, while *A*. *ludoviciana* is more problematic in the northern grain region (NGR) of Australia \[[@pone.0234648.ref019], [@pone.0234648.ref020]\]. A survey reported that the geographical distribution of these species is increasing \[[@pone.0234648.ref021]\]. Therefore, it is very important to evaluate the biological factors and management practices that are responsible for a change in species distribution. It is likely that adaptation to water stress under changing climatic conditions could be one of the reasons for its wider distribution.

In Australia, *A*. *fatua* and *A*. *ludoviciana* have evolved resistance to ACCase and ALS inhibitor herbicides; therefore, poor control in crops is also a matter of great concern for crop production \[[@pone.0234648.ref022], [@pone.0234648.ref023]\]. Target and non-target-site herbicide-resistant mechanisms prevailed in these two species in Australia, potentially enhancing their further infestation \[[@pone.0234648.ref023]\]. These reasons suggest that knowledge of the biology of these weed species could aid in the development of better management practices. It is likely that intensive cropping systems and greater climatic variation in the NGR enabled the dominance of these species in the region. A modelling study of climate change in Australia revealed that rising temperatures would lead to frequent drought and fewer rainfall events \[[@pone.0234648.ref024]\]. Drought could play an important role in weed invasion by influencing crop-weed competition. In general, weeds flourished better than crops under water stress conditions due to inbuilt plasticity \[[@pone.0234648.ref025]--[@pone.0234648.ref027]\]. Adaptability in weeds for growth resources in response to crop competition might be due to biochemical or physiological changes in plants.

A recent study revealed that biotypes of *Sisymbrium thellungii* O. E. Schulz behaved differently under water stress conditions due to change in phenolics, proline and total soluble sugar contents \[[@pone.0234648.ref026]\]. This study also revealed that biotypes selected from different management environments differed in physiological behaviours such as stomatal conductance and net carbon assimilation \[[@pone.0234648.ref026]\]. Such information suggests that physiological and biochemical changes in plants in response to water stress are important mechanisms for drought avoidance \[[@pone.0234648.ref028],[@pone.0234648.ref029]\].

*Avena ludoviciana* has a greater tendency to adapt to water stress as compared to *A*. *fatua* \[[@pone.0234648.ref030]\]; however, current information is limited to seed germination studies conducted in the laboratory. In the future, the crop-weed competition will be increasingly influenced by water stress, presenting the potential to reduce crop yield and promote weed invasiveness where particular weed species grow more robustly. The situation could become more serious if such weeds have the capability to produce sufficient seeds under these conditions \[[@pone.0234648.ref031]\]. A recent study in Australia revealed that *S*. *thellungii* could produce \~2000 seeds per plant under 25% WHC of the soil \[[@pone.0234648.ref026]\]. Similarly, *Echinohloa colona* (L.) Link produced sufficient seeds (\~8000 seeds per plant) for reinfestation under water stress conditions (25% WHC). These studies also showed that phenological, physiological, and biochemical changes in weed species are variable in response to water stress and that these are highly affected by both the species and degree of water stress. It has been reported that *A*. *fatua* attained lower biomass at reduced soil moisture levels as compared to the field capacity; however, no information on weed seed production was provided in this study \[[@pone.0234648.ref032]\]. Therefore, studies on the growth and reproductive behaviour of *A*. *fatua* and *A*. *ludoviciana* in response to water stress are essential for generating effective weed management strategies. Compared to other Australian weed species, information on *A*. *fatua* and *A*. *ludoviciana* in response to water stress is limited. Therefore, this study was undertaken to better understand (1) how growth and reproductive behaviour of *A*. *fatua* and *A*. *ludoviciana* change in response to water stress, and (2) how chemical changes influence the reproductive potential of *A*. *fatua* and *A*. *ludoviciana*.

Material and methods {#sec002}
====================

Experiment set up and conditions {#sec003}
--------------------------------

To run this experiment, the permission was taken from the property owner for seed collection, while for subsequent field and screenhouse experiments, the permission was taken from The University of Queensland, Gatton. The experiment was conducted in a randomized complete block design with 10 treatments \[two species of wild oat (*A*. *fatua* and *A*. *ludoviciana*) and five soil moisture levels (100%, 80%, 60%, 40% and 20% WHC, simulating different degrees of water stress: no, light, mild, high, and severe water stress, respectively) replicated eight times in factorial arrangement. A total of 80 pots (7.5 L volume) were used in the experiment. Each pot was filled with 3.4 kg of soil mixture (2:1 mixture of field soil and potting mix). The soil was mixed with potting mix to provide better aeration and moisture to the plants. Four seeds were sown in each pot and after establishment, seedlings were thinned to a single plant. Out of eight replications, five replications were used for assessing growth and reproductive behaviour and the remaining three replications were used for biochemical studies.

Seeds of *A*. *fatua* and *A*. *ludoviciana* used in this study were collected from Warialda (GPS coordinates: latitude -29.395 and longitude, 150.620), New South Wales, with the permission of property owner in October 2017 and multiplied at the Research Farm of the University of Queensland, Gatton in the winter season of 2018. Collection of seeds was made from 50--60 matured mother plants. Seeds were stored in the laboratory at room temperature until used in the experiment. The experiment started on 4 May 2019 in the screen house (a structure with overhead transparent polyethylene cover to prevent rain damage) of the University of Queensland and was terminated on 3 October 2019. The water stress treatments were imposed on 16 June 2019 and continued until 7 days before harvest. No fertilizer was applied to the pots.

For determining the WHC, a modified method used by previous workers was employed \[[@pone.0234648.ref033]\]. Three pots were filled with 3.4 kg soil mixture (2:1 mixture of field soil and potting mix) and saturated with tap water. The pots were then covered with a black plastic cover and allowed to drain for 48 h. Thereafter, the plastic covers were removed, and 300 g potting mix samples were taken from the middle of each pot. These samples were weighed (wet weight of potting mix, *X*) before being oven-dried (90 °C for 72 h) and reweighed after drying (dry weight of potting mix, *Y*). The WHC was then calculated using the formula (*X*-*Y*) × 100/*Y*. The 80, 60, 40, and 20% WHC levels were determined as a fraction of the 100% WHC found. The 100% WHC of the soil mixture was 1.8 L per pot. To maintain the WHC during the study, each pot was weighed and a measurable quantity of tap water was slowly added over the surface of the soil on alternating days. Extra plants were grown to account for the weight of growing plants and used to determine plant weight grown in different treatments.

Sampling and measurements {#sec004}
-------------------------

Plant height, tiller number per plant, leaf number per plant, and chlorophyll content (SPAD readings) were determined at a 7-day interval starting 44 days after planting (DAP) until harvest. Plant height in each pot was measured from the soil surface to the uppermost tip of the plant. To measure chlorophyll content in leaves, a chlorophyll meter, SPAD-502 (Soil-Plant Analyses Development, Konica Minolta Sensing, Inc, Japan: Model number 71923020) was used. The top three leaves from each plant were selected to measure the chlorophyll content (SPAD readings).

At harvest, panicles and seeds per panicle were counted for individual plants. The total number of shattered seeds were also counted for individual plants. The aboveground shoot, leaf, and root biomass were also determined separately at harvest. Samples were placed in paper bags and dried in an oven at 70 °C for 72 h and then weighed. Daily maximum and minimum temperatures were recorded using a Tinytag data logger (Gemini data loggers, Chichester, UK) installed in the screen house. The maximum and minimum temperatures in the screen house varied from 17.3--45.5 °C and 1.4 to 15.1 °C, respectively ([Fig 1](#pone.0234648.g001){ref-type="fig"}). The minimum temperature was relatively lower from mid-June to mid-July and the maximum temperature was relatively higher in September and October.

![Maximum and minimum temperature (° C) in the screen house during the experimental study (2019).](pone.0234648.g001){#pone.0234648.g001}

Biochemical parameters {#sec005}
----------------------

Undamaged, fresh, and healthy leaves (ca. 5 g) from each plant were collected at 65 DAP. The samples were stored in zipped lock plastic bags at 4 °C until used for analysis (i.e., 10 days). From these leaf samples, soluble phenolics were determined by following the procedure of previous workers \[[@pone.0234648.ref034]\]. The total soluble sugar content of each sample was determined by following the phenol sulphuric method \[[@pone.0234648.ref035]\] and improved by various workers \[[@pone.0234648.ref036]\]. The free proline content of each sample was measured by the following method of previous workers \[[@pone.0234648.ref037]\].

### Statistical analyses {#sec006}

Data were subjected to analysis of variance (ANOVA) by using the software Elementary Designs Application 1.0 Beta (AgriStudy.com: [www.agristudy.com](http://www.agristudy.com)) (verified with [GEN STAT]{.smallcaps} 16^th^ Edition; VSN International, Hemel Hempstead, UK). All data met assumptions of normality of residuals and homogeneity of variance. Means were separated using a Fisher's protected least significant difference (LSD) test at *P* = 0.05 (see [S1 Data](#pone.0234648.s001){ref-type="supplementary-material"}).

Growth data were analyzed using regression analysis for plant height, tiller numbers, and leaf numbers per plant. $$y = a/\left\{ {1 + \text{exp}\left\lbrack {- (x - d50)/b} \right\rbrack} \right\}$$ where *y* is the estimated plant height or tiller number per plant at time *x* (DAP); *a* is the maximum of the parameter; *d50* is the time to reach 50% of the final plant height or tiller number per plant, and *b* is the slope.

Results and discussion {#sec007}
======================

Morphological and growth parameters {#sec008}
-----------------------------------

Plant height of *A*. *fatua* followed a sigmoid pattern with a maximum height of 78 and 108 cm at 150 DAP at 80 and 100% WHC, respectively ([Fig 2a](#pone.0234648.g002){ref-type="fig"}). Plant height of *A*. *ludoviciana* also followed a sigmoid pattern with a maximum height of 55, 66, and 101 cm at 150 DAP at 60, 80, and 100% WHC, respectively ([Fig 3a](#pone.0234648.g003){ref-type="fig"}). At 100% WHC, *A*. *fatua* and *A*. *ludoviciana* took 135 and 148 days to attain 50% height ([Table 1](#pone.0234648.t001){ref-type="table"} and [Fig 1a](#pone.0234648.g001){ref-type="fig"}). *A*. *fatua* plants died at 107 and 121 DAP at 20 and 40% WHC, respectively, (extreme water stress conditions). At 120 DAP, *A*. *fatua* attained 46, 70, and 80 cm height at 60, 80, and 100% WHC, respectively. Unlike *A*. *fatua*, *A*. *ludoviciana* plants survived at 40% WHC and the maximum height was 44 cm at 150 DAP. Plants of *A*. *ludoviciana* at 20% WHC died at 113 DAP due to scarcity of water, suggesting that the plants would not survive in extreme water stress conditions. At 120 DAP, plants of *A*. *ludoviciana* attained 39, 50, 65, and 66 cm height at 40, 60, 80, and 100% WHC levels, respectively. Similar results were obtained for *E*. *colona* in response to water stress in Australia, where maximum and minimum height were 90 and 49 cm at 100 and 25% WHC, respectively \[[@pone.0234648.ref027]\].

![a) Plant height, b) tiller number and c) leaf number per plant of *Avena fatua* at various stages of plant growth.](pone.0234648.g002){#pone.0234648.g002}

![a) Plant height, b) tiller number and c) leaf number per plant of *Avena ludoviciana* at various stages of plant growth.](pone.0234648.g003){#pone.0234648.g003}

10.1371/journal.pone.0234648.t001

###### Regression parameters of a three-parameter sigmoid model^a^ (*y* = *a*/{1 + exp\[-(*x*--*d50*)/*b*\]}) fitted to *Avena fatua* and *Avena ludoviciana* plant height, tiller and leaf number per plant at different soil moisture levels.

![](pone.0234648.t001){#pone.0234648.t001g}

  Species and soil moisture levels (% WHC)   Plant height (cm)   Tiller number per plant   Leaf number per plant                                                                                                            
  ------------------------------------------ ------------------- ------------------------- ----------------------- ------------ ----------- ------------ ------------ ------------- ----------- ------------ -------------- ------
  *A*. *ludoviciana*                                                                                                                                                                                                        
  20                                         Curve did not fit   Curve did not fit         Curve did not fit                                                                                                                
  40                                         44.5 ± 12.1         64.4 ± 6.0                50.3 ± 4.7              0.98         8.7 ± 2.8   83.5 ± 2.7   22.7 ± 1,2   0.84          5.6 ± 5.2   76.6 ± 5.7   70.6 ± 8.2     0.30
  60                                         22.3 ± 3.7          78.9 ± 2.2                57.8 ± 2.4              0.97         8.3 ± 1.6   87.1 ± 1.7   29.3 ± 1.0   0.95          6.7 ± 4.2   81.6 ± 4.2   101.1 ± 8.9    0.60
  80                                         13.7 ± 1.3          80.2 ± 1.0                68.3 ± 1.2              0.96         6.3 ± 1.9   84.7 ± 2.1   31.5 ± 1.4   0.94          4.6 ± 4.5   80.5 ± 5.1   110.2 ± 13.6   0.39
  100                                        35.9 ± 5.6          12.1 ± 12.0               148.5 ± 24.4            0.98         7.1 ± 1.1   87.1 ± 1.2   38.0 ± 1.0   0.96          4.8 ± 3.4   81.5 ± 3.7   129.0 ± 11.5   0.59
  *A*. *fatua*                                                                                                                                                                                                              
  20                                         Curve did not fit   Curve did not fit         Curve did not fit                                                                                                                
  40                                         Curve did not fit   Curve did not fit         Curve did not fit                                                                                                                
  60                                         Curve did not fit   102.0 ± 1.1               88.0 ± 1.1              27.5 ± 0.6   0.98        5.7 ± 5.0    80.2 ± 5.1   95.2 ± 10.6   0.44                                    
  80                                         16.8 ± 1.5          86.1 ± 1.2                79.9 ± 1.8              29.6 ± 1.1   5.8 ± 1.4   85.5 ± 1.6   29.6 ± 1.1   0.92          4.7 ± 3.6   80.7 ± 3.9   106.1 ± 9.7    0.43
  100                                        29.3 ± 6.4          109.0 ± 10.9              135.3 ± 21.7            29.9 ± 0.8   5.8 ± 1.1   84.5 ± 1.2   29.9 ± 0.8   0.95          4.3 ± 2.7   80.5 ± 2.9   106.7 ± 4.7    0.64

In the model, *y* is the estimated plant height or tiller or leaf number per plant at time [x]{.ul} (days after planting) *a* is the maximum of the parameter; *d50* is the time to reach 50% of the final plant height or tiller or leaf number per plant; and *b* is the slope; SE: standard error (±).

Both *A*. *fatua* and *A*. *ludoviciana* attained greater height at 100% WHC compared to 75% WHC ([Table 2](#pone.0234648.t002){ref-type="table"}), suggesting that both species grew with full potential at 100% WHC for maximum plant growth. In water stress situations in the field, winter crops such as wheat and barley may suffer due to scarcity of water, and *A*. *fatua* and *A*. *ludoviciana* may grow with superior vigour and competitiveness. In such situations, it is important to control early cohorts of *A*. *fatua* and *A*. *ludoviciana* and save soil moisture for crops.

10.1371/journal.pone.0234648.t002

###### Morphological and growth parameters of *Avena fatua* and *Avena ludoviciana* in relation to soil moisture levels at harvest.

![](pone.0234648.t002){#pone.0234648.t002g}

  Species and parameters        Soil moisture levels (% WHC)                            
  ----------------------------- ------------------------------ ------- ------- -------- --------
  Plant height (cm plant^-1^)                                                           
  *A*. *ludoviciana*            0a                             43.4b   57.2c   68.4cd   104.2e
  *A*. *fatua*                  0a                             0a      57.7c   76.6d    106.0e
  LSD (0.05)                    12.3                                                    
  Tiller (number plant^-1^)                                                             
  *A*. *ludoviciana*            0a                             19b     28c     30c      37d
  *A*. *fatua*                  0a                             0a      27c     27c      28c
  LSD (0.05)                    5.1                                                     
  Leaf (number plant^-1^)                                                               
  *A*. *ludoviciana*            0a                             43bc    43bc    45bc     54c
  *A*. *fatua*                  0a                             0a      27b     56c      78d
  LSD (0.05)                    23.0                                                    

WHC: water holding capacity; LSD: least significant differences. Any two values in the same column followed by the same letter are not significantly different (*P* = 0.05).

Tiller production of *A*. *ludoviciana* at 60% WHC reduced by 24% compared with 100% WHC; however, tiller production of *A*. *fatua* remained similar at 60 and 100% WHC ([Table 2](#pone.0234648.t002){ref-type="table"}). Contrary to this, leaf production of *A*. *ludoviciana* did not decrease at 60 and 100% WHC, while leaf production of *A*. *fatua* decreased by 65% at 60% WHC compared with 100% WHC ([Table 2](#pone.0234648.t002){ref-type="table"}). In a similar study, higher number of leaves in *S*. *thellungii* (27 leaves plant^-1^) were reported at 100% WHC compared with the soil moisture level of 25% WHC (20 leaves plant^-1^) \[[@pone.0234648.ref026]\]. Similarly, another study observed 52 leaves plant^-1^ for *Lactuca serriola* L. at 100% WHC as compared with 42 leaves plant^-1^ at 50% WHC. At 100% WHC, *A*. *fatua* and *A*. *ludoviciana* plants took 38 and 30 days for 50% tillering ([Table 1](#pone.0234648.t001){ref-type="table"}; Figs [2b](#pone.0234648.g002){ref-type="fig"} and [3b](#pone.0234648.g003){ref-type="fig"}) \[[@pone.0234648.ref038]\]. For *A*. *fatua* and *A*. *ludoviciana*, the number of leaves per plant followed a similar sigmoidal trend at 60, 80 and 100% WHC (Figs [2c](#pone.0234648.g002){ref-type="fig"} and [3c](#pone.0234648.g003){ref-type="fig"}). At 100% WHC, *A*. *fatua* and *A*. *ludoviciana* plants took 129 and 107 days to produce 50% leaves per plant ([Table 1](#pone.0234648.t001){ref-type="table"}).

For *A*. *ludoviciana*, leaf weight, stem weight, and root weight per plant increased with the increased soil moisture level up to 100% WHC ([Table 3](#pone.0234648.t003){ref-type="table"}). However, in case of *A*. *fatua*, only stem weight per plant increased with increasing soil moisture levels up to 100% WHC. At 60% WHC, *A*. *fatua* had lower stem weight per plant than *A*. *ludoviciana*. A similar trend was noticed for chlorophyll content (SPAD readings) at 60% WHC. A previous study observed 55, 57, and 38% reduction in the leaf area, dry weight, and the number of viable tillers of *A*. *fatua*, respectively, with a decreasing soil moisture regime from 2.5 to 0.6 cm water per week \[[@pone.0234648.ref032]\]. A recent water stress study on *E*. *colona* in Australia revealed that some biotypes of *E*. *colona* had higher root and shoot biomass at 100% WHC as compared with 75% WHC \[[@pone.0234648.ref027]\].

10.1371/journal.pone.0234648.t003

###### Chlorophyll content (SPAD reading), leaf weight, stem weight and root weight per plant of *Avena ludoviciana* and *Avena fatua* in relation to soil moisture levels at harvest.

![](pone.0234648.t003){#pone.0234648.t003g}

  Species and parameters             Soil moisture levels (% WHC)                             
  ---------------------------------- ------------------------------ -------- ------- -------- -------
  Chlorophyll content (SPAD) value                                                            
  *A*. *ludoviciana*                 0a                             25.2bc   30.4c   36.4de   42.8e
  *A*. *fatua*                       0a                             0a       19.5b   33.5cd   42.0e
  LSD (0.05)                         7.8                                                      
  Leaf weight (g plant^-1^)                                                                   
  *A*. *ludoviciana*                 0a                             5.3b     6.3b    6.4b     9.7d
  *A*. *fatua*                       0a                             0a       6.5b    8.0c     8.9cd
  LSD (0.05)                         1.3                                                      
  Stem weight (g plant^-1^)                                                                   
  *A*. *ludoviciana*                 0a                             3.9b     21.1d   31.1e    39.8f
  *A*. *fatua*                       0a                             0a       14.5c   31.5e    46.2g
  LSD (0.05)                         3.5                                                      
  Root weight (g plant^-1^)                                                                   
  *A*. *ludoviciana*                 0a                             4.2b     6.9bc   14.7c    25.9d
  *A*. *fatua*                       0a                             0a       4.7b    9.3bc    11.4c
  LSD (0.05)                         6.6                                                      

WHC: water holding capacity; LSD: least significant differences. Any two values in the same column followed by the same letter are not significantly different (*P* = 0.05).

Biochemical attributes {#sec009}
----------------------

Soil moisture had a significant effect on leaf biochemistry of *A*. *fatua* and *A*. *ludoviciana* at 65 DAP ([Table 4](#pone.0234648.t004){ref-type="table"}). Both species behaved similarly with varying soil moisture levels. Averaged over weed species, the amount of total soluble phenolics, free proline, and soluble sugars was higher at 20 and 40% WHC compared with 100% WHC. At 60% WHC, total soluble phenolics increased by 21% compared with 100% WHC.

10.1371/journal.pone.0234648.t004

###### Biochemical attributes in relation to soil moisture levels at 65 days after planting (similar behaviour for both species was observed; therefore, observations were averaged).

![](pone.0234648.t004){#pone.0234648.t004g}

  Soil moisture levels (% WHC)   Total soluble phenolics (mg g^-1^ of fresh weight)   Free proline (mg g^-1^ of fresh weight)   Total soluble sugar (mg g^-1^ of fresh weight)
  ------------------------------ ---------------------------------------------------- ----------------------------------------- ------------------------------------------------
  20                             3.22c                                                48.2c                                     6.33d
  40                             2.72b                                                15.9b                                     4.15bc
  60                             2.46b                                                2.02ab                                    3.11b
  80                             2.03a                                                0.43a                                     1.99a
  100                            2.02a                                                0.26a                                     2.19ab
  LSD (0.05)                     0.35                                                 15.4                                      1.10

WHC: water holding capacity; LSD: least significant differences. Any two values in the same column followed by the same letter are not significantly different (*P* = 0.05).

This increase in soluble sugars in leaves under 20% WHC counteracted the osmotic stress; however, *A*. *fatua* plants could not survive at 20 and 40% WHC. The antioxidant action of phenolic compounds that played an essential role in neutralizing free radicals increased in *A*. *fatua* and *A*. *ludoviciana* at 20 and 40% WHC; however, it could not help *A*. *fatua* plants to survive under severe water stress conditions. Recent studies on winter weeds in Australia revealed that the amount of total soluble phenolics, free proline, and soluble sugars increased with an increase in water stress \[[@pone.0234648.ref026], [@pone.0234648.ref039]\].

Seeds and panicles plant^-1^ {#sec010}
----------------------------

Seed production of *A*. *fatua* and *A*. *ludoviciana* decreased with increasing soil moisture stress and at 20% WHC, both species failed to produce seeds ([Table 5](#pone.0234648.t005){ref-type="table"}). The 60% WHC reduced seed production of *A*. *fatua* and *A*. *ludoviciana* by 51 and 32%, respectively, compared to 100% WHC ([Table 5](#pone.0234648.t005){ref-type="table"}). However, the seed production of *A*. *fatua* and *A*. *ludoviciana* did not differ between 80 and 100% WHC. Panicle numbers of *A*. *fatua* decreased by 55% at 60% WHC compared with 100% WHC, but *A*. *ludoviciana* panicle number remained similar at 60 and 100% WHC. At 40% WHC, *A*. *fatua* did not produce seeds; however, *A*. *ludoviciana* still produced 54 seeds plant^-1^. It was also observed that at 80 and 100% WHC, *A*. *fatua* had a higher number of seeds plant^-1^ than *A*. *ludoviciana*.

10.1371/journal.pone.0234648.t005

###### Panicles per plant and seeds per plant of *Avena ludoviciana* and *Avena fatua* in relation to soil moisture levels.

![](pone.0234648.t005){#pone.0234648.t005g}

  Species and parameters        [Soil moisture levels (% WHC)]{.ul}                       
  ----------------------------- ------------------------------------- ----- ------ ------ ------
  Panicles (number plant^-1^)                                                             
  *A*. *ludoviciana*            0a                                    4a    17b    19b    20b
  *A*. *fatua*                  0a                                    0a    19b    33c    42d
  LSD (0.05)                    7                                                         
  Seeds (number plant^-1^)                                                                
  *A*. *ludoviciana*            0a                                    54b   282c   406d   417d
  *A*. *fatua*                  0a                                    0a    235c   474e   480e
  LSD (0.05)                    57                                                        

WHC: water holding capacity; LSD: least significant differences. Any two values in the same column followed by the same letter are not significantly different (*P* = 0.05).

Projected climate change in Australia has revealed that drought spells may increase in the future, and how crops and weeds respond to the water stress environment remains a priority for weed management \[[@pone.0234648.ref024]\]. In our study, *A*. *fatua* and *A*. *ludoviciana* demonstrated greatest growth and highest reproductive potential at 80 and 100% WHC. Higher seed production of *A*. *fatua* and *A*. *ludoviciana* at 80 or 100% WHC compared with 60% WHC was attributed to increased stem and root weight. *A*. *ludoviciana* was also able to grow and produce sufficient seeds (54 seeds plant^-1^) even at 40% WHC, indicating that *A*. *ludoviciana* has a greater potential for proliferation than *A*. *fatua* under drought conditions. At 60% WHC, *A*. *fatua* had a lower number of leaves per plant than *A*. *ludoviciana*, indicating that photosynthetic efficiency of *A*. *fatua* decreased with increasing water stress and *A*. *fatua* plants could not survive at 40 and 20% WHC due to photosynthesis limited by the reduced leaf number. This was also evidenced by the lower number of leaves of *A*. *fatua* (42 leaves per plant^-1^) plants as compared with *A*. *ludoviciana* (70 leaves plant^-1^) at 100 DAP (Figs [2c](#pone.0234648.g002){ref-type="fig"} and [3c](#pone.0234648.g003){ref-type="fig"}).

The current study suggests that *A*. *ludoviciana* can survive at WHC as low as 40%, while maintaining sufficient seed production for reinfestation. The basis for adaptation of *A*. *ludoviciana* to water stress is reflective of the increased leaf number and chlorophyll content (SPAD reading) as compared with *A*. *fatua* under water stress (60% WHC). These observations suggest that under a drought environment, *A*. *ludoviciana* may expand its range due to its ability to tolerate water stress. Under severe water stress (20% WHC), *A*. *fatua* and *A*. *ludoviciana* could not survive, suggesting that sufficient soil moisture is necessary for their reproduction.

The increase in plant height of *A*. *fatua* and *A*. *ludoviciana* at 100% WHC compared with lower soil moisture levels (60% WHC) could be a result of the increased cell enlargement due to high turgor pressure at high soil moisture conditions \[[@pone.0234648.ref039]\]. Many weeds showed reduced shoot height when seedlings were exposed to drought \[[@pone.0234648.ref033], [@pone.0234648.ref040]\]. A stronger root system of *A*. *ludoviciana* and *A*. *fatua* at 100% WHC as compared with 60% WHC indicates their ability to efficiently utilize soil moisture for high seed production \[[@pone.0234648.ref041]\]. Thus, plants with high root biomass could efficiently take soil nutrients and water, while those with a higher proportion of stem and leaf weight per plant can collect more light energy \[[@pone.0234648.ref042]\].

The ability to produce seeds under a water stress environment could play an important role in influencing weed population dynamics in the wake of climate change. The most sustainable weed control approach is to reduce the weed seed bank in the soil \[[@pone.0234648.ref043], [@pone.0234648.ref044]\]. *A*. *fatua* did not produce seeds at 40% WHC, while a small amount of *A*. *ludoviciana* seeds (54 seeds plant^-1^) at 40% WHC pose the potential for the infestation in the succeeding crop. In mild water stress conditions (i.e., 60% WHC), both species can produce sufficient seeds for reinfestation, and they may also result in decreased crop yield due to increased crop-weed competition as a result of reduced crop growth \[[@pone.0234648.ref045]\].

The depletion of weed seedbank is a viable long-term strategy for weed control \[[@pone.0234648.ref044]\]. This can be achieved by harvest weed seed control practices or utilising herbicide application to kill weeds at an early stage. Harvest weed seed control practices can become important in a no-till water-stressed field where pre-emergent herbicides are less effective and stressed weeds are difficult to control with post-emergent herbicides due to reduced herbicide absorption and physiological activity of weeds \[[@pone.0234648.ref046]\]. Significant reductions in *A*. *fatua* and *A*. *ludoviciana* populations can also be achieved through cultural practices, such as increased crop densities or closer row spacing. However, these practices should be aligned to agronomic practices developed under drought-research programs. In a previous study, the growth, biomass, and seed production potential of *A*. *fatua* and *A*. *ludoviciana* were reduced by an increased wheat planting density in the field \[[@pone.0234648.ref047]\]. In another study, an increased rate of wheat seed helped in reducing the seed number of *A*. *fatua* \[[@pone.0234648.ref006]\].

In water-scarce environments, *A*. *fatua* and *A*. *ludoviciana* growth might be reduced by using drought-tolerant crop cultivars or weed-competitive crop cultivars \[[@pone.0234648.ref048]\] or by manipulating crop sowing time \[[@pone.0234648.ref003], [@pone.0234648.ref049]\]. Management strategies should target for control of early cohorts of weeds in crops. The effect of enhanced weed competition under drought environments could severely harm crop yield; therefore, it is important to control early cohorts of weeds, so that stored moisture can be used for crops.

Conclusions {#sec011}
===========

The results of this study indicated that *A*. *fatua* and *A*. *ludoviciana* attained maximum plant height, seed number, and stem and root biomass at 100% WHC compared with 60% WHC. At 60% WHC, there was a reduction in the growth parameters and the number of seeds per plant. *A*. *fatua* was more sensitive to water stress because, at 20 and 40% WHC, plants were not able to survive. However, at 40% WHC, *A*. *ludoviciana* plants survived and produced seeds. A considerable reduction in *A*. *fatua* and *A*. *ludoviciana* growth and seed production was observed at 60% WHC as compared with 100% WHC. Since the main winter crops, such as wheat, require \>60% WHC to avoid yield reduction, growers implement favourable soil moisture regimes throughout the growing season in irrigated wheat and barley crops \[[@pone.0234648.ref050]\]. In such situations, if *A*. *fatua* and *A*. *ludoviciana* plants are not controlled, eventually they will optimally grow, reproduce, and interfere with crops due to the available soil moisture. The high reproductive ability of *A*. *fatua* and *A*. *ludoviciana* at favourable soil moisture conditions indicate that their high rates of infestation may occur in irrigated crops. The ability of *A*. *ludoviciana* to produce seeds under high water stress conditions could increase its invasiveness throughout Australia in fallow and dryland conditions owing to its high adaptation. Future research needs to be evaluated on exploring integrated weed management tools to enhance the competitiveness of wheat and barley for the suppression of *A*. *fatua* and *A*. *ludoviciana* under favourable soil moisture and drought conditions.
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• I have received 2 reports for your submission. Both referees have positive views on the manuscript and think that the work is worth publishing. However, both have suggested several minor changes.

Thanks, the suggested changes have been incorporated.

• Both reviewers are concerned with the repeated use of Latin names of both species, although common names vary from region to region, differentiate these both species by their common names in Australia.

In Australia, both are known as black or wild oats. Therefore, we have incorpared common names used in the USA (WSSA). Also, it will be difficult to understand by readers if we use common names throughout the manuscript. Therefore, we have used Latin names throughout the text.

• More information is needed on seed collection. Whether the seeds were collected from single population? How many mother plants were there? Weed species exhibit inter and intra population differences.

The initial seeds were collected from a farmer's field. These seeds were grown at the Gatton research farm in the next season and fresh seeds collected from those 50-60 matured plants were used for the study.

• The current version is not formatted according to Plos One.

We have now placed material and methods before results and discussion in the revised version.

• Please give due attention to all comments while revising your manuscript. I look forward to receive your revised submission.

All comments have been carefully incorporated in the revised version.

Reviewer \#1: Overall, the manuscript entitled "Influence of soil moisture levels on the growth and reproductive behaviour of Avena fatua and Avena ludoviciana" presents novel and relevant results regarding the ability of these species in withstanding dryer soil conditions, a condition which is expected to become increasingly more common in the future due to ongoing global climate change.

Comment \#1: It seems no information is presented regarding the actual cycle length across soil moisture levels. Is such information available?

We did not record the actual cycle length across soil moisture levels.

Comment \#2: figures seem to be lacking quality, appearing blurred.

The figures have been revised again.

Line 52: scientific names of two species which are referred to as "wild oats" throughout the manuscript had already been properly introduced (line 41-42); why inform their scientific names again? This can be confusing to readers.

Because both species are different and as per journal format, we preferred scientific names rather than common names throughout the manuscript.

Line 321: this statement regarding the actual ability of crops such as wheat and barley seems vague and is not supported by any literature citation. It is clear that the authors are simply indicating this possibility, but it would be better to refer to articles (if any) which assessed these crops´ growth under water deficit. If none is found, then it seems necessary to add a sentence that "such statement remains to be evaluated" or similar.

The line has been modified as per the suggestion.

Reviewer \#2: I have evaluated the manuscript \"Influence of soil moisture levels on the growth and reproductive behaviour of Avena fatua and Avena ludoviciana\" written by Sahil et al. Overall, it is an excellent piece of study and deserves publication.

I have a few minor suggestions (commented on the attached manuscript file).

All suggestions on the attached manuscript have been carefully incorporated.

The opening sentence of abstract defines climate change and study is on water stress. Only water stress can not be considered as climate change. Please rewrite the sentence.

The word "climate change" has been removed.

The Methods are given after results, while plos one requires methods before results.

The methods have been incorporated before the results now.

More info is needed on seed collection and storage. I suggest to add coordinates or a map showing the locations.

The required information about seed selection and storage has been added in the manuscript and coordinates have also been provided.

Authors have cited a survey work in Australia, could the current distribution map be provided in the manuscript?

This is a research paper and we think that a distribution map is not related to this study. That will be more suitable for a review paper or a book chapter.

I suggest to use common names of both species, how these are separated in Australia? The use of Latin names have been redundant throughout the manuscript. Obviously, common names will be redundantly used but better to use.

The common names of both species have been provided. In Australia, both species are known as wild/black oats; therefore, cannot differentiate. We have used common names used in the USA.
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